I. INTRODUCTION
O NLY Bi-2223 Ag-sheathed tapes have been developed as superconducting wires having significant properties at the temperature of liquid nitrogen and a long length in the order of kilometers. When such wires are used as windings in a superconducting apparatus for pulsed or AC use, it is important to understand their AC loss properties in detail. Although the Bi-2223 wires used at present have a multifilament structure, it is well known that the entire filamentary region behaves as a bulk superconductor due to physical contact or electromagnetic coupling between the filaments. It is also known that the pinning (or hysteresis) loss due to the irreversible penetration of magnetic flux is the main component of total AC losses.
The dependence of AC losses in the Bi-2223 Ag-sheathed tapes on the direction of an external applied magnetic field has been observed experimentally [1] , [2] . Their results have indicated that the AC losses increase with the field angle with respect to the tape face. Such the AC loss property has also been evaluated with numerical calculations or analytical consideration [3] - [7] . In these calculations, however, it has been assumed that the entire filamentary region can be considered as a bulk material for the sake of simplification. This assumption for the AC loss estimation has to be validated quantitatively. In this paper, the AC losses in various types of multifilamentary tapes without twisting are numerically evaluated for the application of the external magnetic field perpendicular to the tape face. Bean's critical state model [8] is used for the numerical calculation to understand only the geometrical effects of the multifilamentary tapes on the losses. The AC loss properties in the multifilamentary tapes with different filament arrangements and shapes are obtained by means of the energy minimization [9] , [10] , and they are compared with those for homogeneous superconductors with size same as the filamentary region.
II. SPECIFICATIONS OF MULTIFILAMENTARY TAPES
In order to evaluate the AC losses in Bi-2223 Ag-sheathed multifilamentary tapes without twisting numerically, they are idealized as follows. The width and thickness of a tape-shaped wire with rectangular cross section, and , are equal to 4.0 and 0.225 mm, respectively. It is also assumed that the region occupied by filaments of superconductor has 3.6 mm in width and 0.18 mm in thickness, which are symbolized by and , respectively. In this case, the aspect ratio of filamentary region, , becomes 20, and the cross-sectional area of filamentary region is given by or for elliptic or rectangular cross section, respectively. If the silver ratio of tape wire, , is fixed in advance, the cross-sectional area of superconductor is given by . By setting the aspect ratio of the filament itself with elliptic, rectangular or rhomboid cross section, the filament size identical in each wire can be determined exactly. The obtained filaments are systematically arranged in the filamentary region of wire. The specifications of the multifilamentary tapes used for numerical calculation are listed in Table I .
Figs. 1 and 2 show the cross-sectional view of all the wire models discussed in this article, and their filament numbers and silver ratios are given in Table II . The multifilamentary tapes in Fig. 1 have an elliptic filamentary region, whereas Fig. 2 is for a rectangular region. The wire models in Fig. 1(a) to (j) are formed as follows. Small circles of an appropriate number with width same as the corresponding filaments are coaxially located inside a large circle with radius . The entire large circle is compressed into in the direction perpendicular or parallel to the straight-line small circles in order to obtain a region with horizontal or vertical arrangements of filaments, respectively. In the cases of the multifilamentary tapes with 55 filaments as shown in Fig. 1(b) and (e), 6 in 24 small circles of the outermost layer are removed in advance before the compression of the large circle. The filaments of tapes in Fig. 1(k) and (l) are changed to the corresponding shapes with the requirements for Fig. 1(i) . On the other hand, the filaments in Fig. 2(a)-(c) or (d)-(f) are placed as their centers form a rectangle or a hexagon with neighbors, respectively. The aspect ratios of filaments are set at 20 except for the tapes in Fig. 2(c) and (f) with 30.
III. AC LOSS EVALUATION
The AC losses for the wire models in Figs. 1 and 2 are numerically evaluated. When an external AC magnetic field is applied perpendicular to the tape face, the silver surrounding the superconductor filaments makes minor contributions to the losses below the commercial frequency [11] . Hence, it can be supposed that individual bars of superconductor with an infinite length in the -direction are located symmetric with respect to both the -and -axes. It is also assumed that the electromagnetic behavior of superconductor is determined by Bean's critical state model [8] , in which the critical current density is independent of the magnitude of local magnetic field. In this case, the penetration process of magnetic flux into the bundle of superconductors can be simulated by means of the minimization of [9] , [10] . By using the obtained potential distribution inside the superconductors, the AC loss per cycle can be estimated. The details of formulation and numerical scheme have already been presented [7] , [10] .
IV. NUMERICAL RESULTS
The numerical results of AC losses in the perpendicular magnetic field with the amplitude are plotted with a loss factor , where is the AC loss per unit volume of the filamentary region per cycle. The loss factors for simple geometries have been introduced analytically [12] . The field amplitude is also normalized as with . These reductions allow us to discuss the loss property without specifying . The AC losses for the multifilamentary tapes in Figs. 1 and 2 are compared with those for homogeneous superconductors with cross section same as the entire filamentary region so as to confirm the possibility of simplification of the loss estimation in the former with the latter. In this study, the field amplitude that the loss factor in the homogeneous superconductor becomes maximum is called a characteristic field
, which approximately equals a full penetration field in the direction normal to the tape face. The normalized field is estimated as 2.30 or 2.32 for the elliptic or rectangular superconductor, respectively.
A. Influence of Filament Arrangements on AC Losses
Figs. 3 and 4 show the numerical results of AC losses in the multifilamentary tapes with different filament arrangements. Their silver ratios are fixed at 2.5. It is found that the AC losses in the multifilamentary tapes almost agree with those for the homogeneous superconductors when the field amplitude is relatively large. In the case of a small amplitude, on the other hand, their discrepancy can be seen clearly and the loss property strongly depends on the filament arrangement. Hence, the field amplitude that the difference between both the AC losses in the multifilamentary tape and the simplified bulk superconductor becomes equal to 10% is determined as a kink field , which is already listed in Table II . The discrepancy in the small amplitude is mainly due to only the arrangement of filaments in the outermost layer because they are roughly saturated with an induced current for the application of external field around . In fact, the kink fields in the tapes with 55 filaments as shown in Fig. 1(b) and (e) become quite large for the uneven filament arrangement in the outermost layer. It is also seen in Fig. 4 that the kink fields for the multifilamentary tapes as shown in Fig. 2(a) -(c) are larger than the corresponding arrangements in Fig. 2(d)-(f) .
B. Influence of Silver Ratios on AC Losses
The numerical results of AC losses in the multifilamentary tapes with different silver ratios are shown in Fig. 5 . These tapes have an elliptic filamentary region composed of 61 filaments with the similar cross section. It can be seen that the AC losses in the multifilamentary tapes have a tiny difference from that for the elliptic homogeneous superconductor in the relatively large range of field amplitude. On the other hand, the AC losses decrease with increasing the silver ratio of wire when the amplitude is small. However, the kink fields for the multifilamentary tapes with different silver ratios are nearly equal to each other as shown in Table II . Fig. 6 shows the numerical results of AC losses in the multifilamentary tapes with a filament shape of ellipse, rectangle or rhombus exposed to the perpendicular magnetic field. Their silver ratios are fixed at 3.0. The AC losses in all the wires have a good agreement with each other in a wide range of the external-field amplitude including the kink field.
C. Influence of Filament Shapes on AC Losses

V. CONCLUSION
The dependence of AC losses in the multifilamentary tapes exposed to the perpendicular magnetic field on the filament arrangements and shapes is numerically evaluated by means of the energy minimization. It is found that the AC losses are mainly affected by only the filament arrangements in the outermost layer when the amplitude of external field is small. In the case of the larger amplitude, on the other hand, the AC losses in the multifilamentary tapes almost agree with those for the homogeneous superconductors with the cross section same as the region occupied by the filaments. The kink field, which is a threshold between both the loss properties, is estimated as less than about one third of the full penetration field for the practical arrangement of filaments. This means that the AC loss in a multifilamentary tape can be estimated by simplifying the filamentary region as a homogeneous superconductor in a relatively wide range of field amplitude. When the amplitude is very small, however, an actual arrangement of filaments has to be taken into account for proper loss evaluation.
